In the ciliate Tetrahymena, meiotic micronuclei (MICs) undergo extreme elongation, and meiotic pairing and recombination take place within these elongated nuclei (the "crescents"). We have previously shown that elongation does not occur in the absence of Spo11p-induced DNA double-strand breaks (DSBs). Here we show that elongation is restored in spo11⌬ mutants by various DNA-damaging agents including ones that may not cause DSBs to a notable extent. MIC elongation following Spo11p-induced DSBs or artificially induced DNA lesions is probably a DNA-damage response mediated by a phosphokinase signal transduction pathway, since it is suppressed by the ATM/ATR kinase inhibitors caffeine and wortmannin and by knocking out Tetrahymena's ATR orthologue. MIC elongation occurs concomitantly with the movement of centromeres away from the telomeric pole of the MIC. This DNA damage-dependent reorganization of the MIC helps to arrange homologous chromosomes alongside each other but is not sufficient for exact pairing. Thus, Spo11p contributes to bivalent formation in two ways: by creating a favorable spatial disposition of homologues and by stabilizing pairing by crossovers. The polarized chromosome orientation inside the crescent resembles the conserved meiotic bouquet, and crescent and bouquet also share the putative function of aiding meiotic pairing. However, they are regulated differently because in Tetrahymena, DSBs are required for entering rather than exiting this stage.
INTRODUCTION
When eggs or sperm are produced, they must be furnished with a single set of chromosomes. Therefore, diploid germ progenitor cells undergo a reductional division, meiosis. During meiosis, homologous chromosomes of paternal and maternal origin exchange parts and segregate to different daughter nuclei. Errors in this process lead to congenital defects in the progeny, stillbirths, or miscarriages in humans.
For homologous chromosomes to recombine and segregate, they must first pair. To this end, chromosomes identify each other, align, and finally become closely linked by the synaptonemal complex (SC). These events are accompanied by the formation of the bouquet, which is a widely conserved arrangement of chromosomes. It is characterized by the congression of telomeres at the inner surface of the nuclear membrane (Zickler and Kleckner, 1998; Scherthan, 2001) . It is not yet clear whether and how the bouquet supports the mutual recognition and/or synapsis of homologues. Simultaneous pairing and initiation of synapsis of chromosomes in the bouquet was demonstrated by Scherthan et al. (1996) and Bass et al. (2000) . In other cases, it appears that the assembly of telomeres at the nuclear periphery facilitates the initiation of synapsis in distal chromosome regions (Moens et al., 1989; Alsheimer et al., 1999) . Chromosome movement accompanying bouquet formation and resolution may help to resolve interlocking, i.e., the capturing of other chromosomes between two synapsing homologues (Koszul et al., 2008 and references therein) .
During meiosis, programmed DNA double-strand breaks (DSBs) are formed by Spo11p, which establishes covalent bonds with flanking DNA segments. These DSBs are processed in a particular way that involves the removal of Spo11p and the formation of 3Ј DNA overhangs that can invade homologous duplex DNA and thereby initiate strand exchange and meiotic recombination (Keeney, 2007) . The resulting chiasmata are crucial in defining the partners to be segregated. Meiotic DSBs (like other DNA alterations) trigger phosphokinase signal transduction pathways that, on the one hand, activate processes leading to the repair of DSBs by homologous recombination and suppress undesired alternative repair and on the other hand, arrest meiotic cell cycle progression until repair is achieved (Hunter, 2008; Longhese et al., 2008) .
Tetrahymena thermophila is a ciliated protist with an unusual meiosis. Ciliates are unicellular organisms with two nuclei, a large polyploid macronucleus (MAC) and a diploid micronucleus (MIC) that represents the germ line and undergoes meioses. The MAC is decomposed during meiosis and regenerated from the MIC during the development of sexual progeny (Collins and Gorovsky, 2005) . When two cells of different mating types meet and conjugate, meiosis is This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08 -10 -1058) on March 18, 2009. induced in both cells. Meiosis in Tetrahymena is remarkable because of the likely absence of an SC (Wolfe et al., 1976; Loidl and Scherthan, 2004) and the extreme elongation of the MIC to ϳ50 times its normal diameter during meiotic prophase (Ray, 1956) . Telomeres and centromeres occupy positions at opposite ends of this elongated MIC (also known as the crescent; Cui and Gorovsky, 2006; Mochizuki et al., 2008) . The resemblance of this polarized chromosomal arrangement inside the crescent nucleus to the bouquet suggests that it serves a conserved role in meiosis. In Tetrahymena, chromosome pairing and recombination take place in the elongated MICs, and it was suggested that the alignment of corresponding chromosome regions may be enforced by the shape of the nucleus together with the bouquet-like arrangement of chromosomes (Loidl and Scherthan, 2004; Mochizuki et al., 2008) .
The coordination of meiotic events at the molecular (DSB formation and strand exchange) and cellular (chromosome pairing and chiasma formation) levels is poorly understood. We have shown previously that the activity of Spo11p (most likely due to its inducing DSBs) is required for full MIC elongation (Mochizuki et al., 2008) . Here, we investigate in more detail the factors that regulate MIC elongation, and we study the consequences of suppressed MIC elongation in wild-type cells on the bouquet-like arrangement and pairing of chromosomes. Our results provide evidence for the central role of DNA lesions (in the wild-type situation: DSBs) in eliciting a signal response that coordinates chromosome pairing with molecular recombination to ensure that crossing over takes place between homologous rather than sister or homeologous DNA molecules.
MATERIALS AND METHODS

Strains and Growth Conditions
Tetrahymena thermophila (previously known as T. pyriformis) cells were grown in liquid culture at 30°C according to standard methods (see Orias et al., 2000) . Strains B2086 and CU428 were used as the wild-type control. spo11 somatic knockout strains (spo11⌬) were described previously (Mochizuki et al., 2008) . Cells were made competent for conjugation by starvation in 10 mM Tris-HCl (pH 7.4) for 16 -24 h. Conjugation and meiosis were induced by mixing starved cultures of two wild-type or mutant strains at equal cell densities (ϳ2 ϫ 10 5 cells/ml). For cytological inspection, aliquots of conjugating cultures were drawn at the indicated time points.
ATR1 Deletion by Macronuclear Gene Replacement
The disruption construct for ORF TTHERM_01008650 (ATR1) was made as described (Mochizuki et al., 2008) . In short, a genomic region flanking the 5Ј end of the ATR1 gene was amplified by PCR with primers ATR1KO5FW (5Ј-TCC TCT TTA GGT GGT AGT CG-3Ј) and ATR1KO5RV (5Ј-GTC TAT CGA ATT CCT GCA GCC CTG TGG ATT AAA GAC TCA G-3Ј) in which the underlined sequence is complementary to the 5Ј-arm of the neo4 cassette. A genomic region 3Ј of the ATR1 gene was also amplified by PCR with primers ATR1KO3FW (5Ј-CTG GAA AAA TGC AGC CCT GAA GAA GGC ATA GAC AGT C-3Ј, in which the underlined sequence is complementary to the 3Ј-arm of the neo4 cassette, and ATR1KO3RV (5Ј-GGA GAG AAT GAG GCA GAT CG-3Ј). Three pieces of DNA, the 5Ј-flanking sequence, the SmaIdigested neo4 cassette, and the 3Ј-flanking sequence were then connected and amplified by overlapping PCR using ATR1KO5FW and ATR1KO3RV. The PCR product was used for biolistic transformation into the macronuclear ATR1 loci of B2086 and CU428 cells. The transformants were exposed to increasing concentrations of paromomycin to gradually select for replacement by the deletion construct due to phenotypic assortment (Cassidy-Hanley et al., 1997) .
Irradiation of spo11⌬ Cells
Irradiation of conjugating cells was performed 2 h after cell mixing. For UV exposure, 5 ml of cell suspension were spread out to a thin layer in an 8.5-cm polystyrene Petri dish. A Stratalinker UV cross-linker was used for the acute exposure of cells to 254 nm UV (UV-C) at a dosage of 20 Joule/m 2 (ϭ2.000 J/cm 2 ). Treatment with ionizing radiation was performed by exposure to 5000 rads of ␥-radiation from a 60 Co source. Irradiated cells were then cultured for another 1.5 h and fixed by one of the methods below.
Chemical Treatments
Conjugating cells were treated with one of the following substances: cisplatin, methyl methane sulfonate (MMS), benomyl (methyl [1-[(butylamino)carbonyl]-1H-benzimidazol-2-yl]carbamate), nocodazole, caffeine, or wortmannin. Benomyl was a gift from DuPont (Wilmington, DE). Cisplatin was prepared as a 2 mg/ml stock solution in starvation medium (10 mM Tris-HCl, pH 7.4; Mochizuki et al., 2008) and administered at a final concentration of 100 g/ml to conjugating cells. MMS was appropriately diluted in starvation medium and added to conjugating cells at a final concentration of 4 mM (0.034%). Benomyl and nocodazole were applied at concentrations of 5 and 10 g/ml, respectively. Stocks of 10 mg/ml DMSO were prepared by agitating for 1 h and then stored at Ϫ20°C. The kinase inhibitors caffeine or wortmannin were used at final concentrations of 10 mM and 2 M, respectively, unless indicated otherwise. Caffeine was prepared as a 200 mM stock in starvation medium and kept at room temperature. As it tended to precipitate, it was heated to 37°C and agitated before use. Wortmannin was kept frozen as a 10 mM stock in DMSO. Effective concentrations for all drugs were empirically determined (data not shown).
All substances were added to cultures 110 -120 min after mixing the cells. At this time, most cells have formed conjugating pairs while crescent elongation has not yet begun (Mochizuki et al., 2008) . In all cases, except where mentioned otherwise, the effect of the substances on MIC behavior was scored at t ϭ 3.5 h after induction of meiosis, when most MICs have reached the stage of maximal elongation in untreated wild-type cells. The applied dosages of caffeine and wortmannin were not acutely toxic since cells survived this treatment for at least 8 h. Mock treatment with a 0.2% final concentration of DMSO (the solvent for wortmannin, benomyl, and nocodazole) had no visible effect on meiosis.
Cytological Preparation
For DAPI (4Ј6-diamidino-2-phenylindole) staining, cells were fixed by adding 250 l of 10% Triton X-100 and 500 l of 38% formaldehyde to a 5-ml cell suspension. Fixed cells were pelleted, postfixed with 4% paraformaldehyde ϩ 3.4% sucrose, and applied to a slide (see Loidl and Scherthan, 2004) . For Cna1p and ␥-H2A.X immunostaining, cells were fixed by mixing 20 l of partial Schaudin's fixative (saturated HgCl 2 , ethanol 2:1) with a 5-ml cell suspension. After two washes with methanol, cells suspended in methanol were dropped on a slide (see Song et al., 2007) . For fluorescence in situ hybridization (FISH), 5 ml of cell suspension were centrifuged (3 min, 350 ϫ g) and 1 ml of Carnoy's fixative (methanol-chloroform-acetic acid, 6:3:2) was added to the pellet. The fixed cells were washed with 70% ethanol, and cells suspended in 70% ethanol were dropped on a slide.
Fluorescence In Situ Hybridization
A FISH probe was produced by pooling PCR products generated from three neighboring sequences with a total length of 22.1 kb. Primers (see Supplemental Figure S1 ) were selected from the T. thermophila macronuclear genome sequence (Eisen et al., 2006 ; http://www.tigr.org/tdb/e2k1/ttg/). The purified PCR products were labeled with Cy3 by nick translation. The probe and chromosomal DNA were denatured by hot formamide and hybridized for ϳ36 h at 37°C (for details see Loidl and Scherthan, 2004; Mochizuki et al., 2008) .
Cytological Staining and Microscopy
For indirect immunostaining, the following antibodies were used: rabbit anti-Cna1p (1:200; Cervantes et al., 2006) and anti-␥-H2A.X [1:200 purified mouse monoclonal anti-H2A.X phosphorylated (Ser139) antibody Clone 2F3; BioLegend, San Diego, CA]. Slides were washed with 1ϫ phosphate buffered saline (PBS) and 1ϫ PBS ϩ 0.05% Triton X-100 for 10 min each. Primary antibodies were applied to the preparations under a coverslip for ϳ3 h at room temperature. After a series of washes as above, secondary antibodies were applied in the same way. After a final round of washes, slides were mounted in Vectashield anti-fading agent (Vector Laboratories, Burlingame, CA) supplemented with 1 g/ml DAPI under a coverslip.
Fluorescence was elicited with appropriate filter sets in an epifluorescence microscope. 3D image stacks were recorded using a CCD camera and MetaVue software (Universal Imaging, Downingtown, PA). The images were deconvolved and projected with AutoDeblur (AutoQuant Imaging, Watervliet, NY) and ImageJ (Wayne Rasband, NIH; http://rsb.info.nih.gov/ij/) software (Mochizuki et al., 2008) .
RESULTS
Elongation and Chromosomal Orientation in the Wild-Type MIC
To put MIC behavior under various experimental conditions in context, the situation in untreated wild type is briefly recapitulated for reference (see also Mochizuki et al., 2008) : Shortly after induction of meiosis by mixing cells of different mating types, round MICs started to elongate and assumed the shape of an egg, a barrel, a spindle, and finally a long wound thread ( Figure 1 ). These shapes are also referred to as stages I-IV (Sugai and Hiwatashi, 1974) . Centromeres (as identified by their association with the histone variant Cna1p; see Cervantes et al., 2006; Cui and Gorovsky, 2006) were clustered on one side of the MIC when it was still round. This presumably reflects the mitotic Rabl orientation of chromosomes, i.e., the localization of centromeres and telomeres at opposite poles (Mochizuki et al., 2008 and references therein) . In egg-to spindle-shaped MICs, this clustering was lost transiently but during further elongation, centromeres assumed increasingly terminal positions. In the tip of fully elongated crescents, centromeres mostly reassembled in a single spot (Figure 2a ). Concomitantly with elongation, pairing of homologous loci (as visualized by FISH) occurred (Figure 3 , a-e). After maximal elongation, the MICs shortened again and transformed into condensed bivalents ( Figure 1 ). Immunostaining of phosphorylated histone H2A.X (␥-H2A.X) and recombination protein Rad51 has provided evidence that DSB formation and repair are ongoing in MICs during elongation (Loidl and Scherthan, 2004; Song et al., 2007; Mochizuki et al., 2008) .
UV and MMS Induce MIC Elongation in the spo11⌬ Mutant
We have previously shown that in addition to its conserved role in DSB formation, Spo11p is required for the full elongation of meiotic MICs in Tetrahymena. However, elongation in a spo11⌬ mutant was restored by the DSB-inducing drug cisplatin ( Figure 4 , a and b), which led to the conclusion that meiotic DSBs rather than a function of Spo11p unrelated to DSBs promote MIC elongation (Mochizuki et al., 2008) . Since exposure to cisplatin is a chronic treatment that affected cells in repair-competent and -incompetent stages alike, we repeated DSB induction by acute ␥-irradiation of conjugating cells at t ϭ 120 min after induction of meiosis with a dosage of 5000 rad. At this time, the majority of cells start to develop DSBs in the wild type. Indeed, exposure of cells to ␥-radiation reinduced MIC elongation in the spo11⌬ (Figure 4 , a and b).
We next wanted to know whether other DNA-damaging agents would similarly trigger MIC elongation. To this end, we exposed DSB-deficient meiotic cells to UV-C radiation, the primary effect of which is not DSB formation (Marti et al., 2006) . We found that 254 nm UV (UV-C) at doses as low as 20 J/m 2 efficiently induced crescents in spo11⌬ cells ( Figure   4 , a and b). At t ϭ 3.5 h post-mixing, when stage IV crescents were most abundant in the wild type, almost as many irradiated spo11⌬ conjugants displayed crescents, whereas no such nucleus appeared in the untreated spo11⌬ control (Figure 4b) .
To determine whether MIC elongation was caused by UV-induced DNA lesions, we immunostained nuclei for the phosphorylated histone variant H2A.X (␥-H2A.X). ␥-H2A.X is considered to be an indicator of the occurrence of meiotic DSBs (Mahadevaiah et al., 2001; Song et al., 2007) , but there are recent reports on DSB-independent H2A.X phosphorylation (Marti et al., 2006; Hanasoge and Ljungman, 2007; Ismail and Hendzel, 2008) . ␥-H2A.X forms patches in elongating wild-type MICs (Figure 5a ), whereas it is absent from MICs in the spo11⌬ mutant (Figure 5e ; see also Mochizuki et al., 2008) . ␥-H2A.X immunostaining was restored by a dose of 20 J/m 2 UV (Figure 5g ). About one-third of fully elongated MICs lacked staining 90 min after exposure to UV, but all MICs (and MACs) displayed ␥-H2A.X foci 15 and 60 min after exposure. This means that UV-induced lesions were partially repaired by the time MICs were fully elongated, but H2A.X phosphorylation and MIC elongation were both triggered by DNA lesions. However, the fact that MICs elongate normally in a mutant with nonphosphorylatable H2A.X (Song et al., 2007) indicates that they do not depend on each other.
To evaluate the possibility that MIC elongation is caused by DNA lesions other than DSBs, we treated the spo11⌬ mutant with the alkylating agent MMS. Like UV, MMS does not directly cause DSBs in vivo (Lundin et al., 2005) . Indeed, after treatment with 4 mM (0.034%) MMS, MIC elongation was observed (Figure 4, a and b) . The failure to detect chromosome fragmentation by pulsed-field electrophoresis (unpublished observation), together with published evidence of the non-DSB nature of UV-induced lesions (see Discussion), suggest that DSBs may be rare after a UV dosage of 20 J/m 2 , which is sufficient to induce MIC elongation.
In Caffeine-and Wortmannin-treated Meioses, MICs Do Not Fully Elongate
Since the restoration of full MIC elongation by different agents suggested that DSBs and possibly also DNA lesions other than DSBs can trigger full MIC elongation, we wanted to know how a DNA-damage signal for MIC elongation is conveyed. The phosphatidylinositol 3-kinase (PI3K)-related sensor kinases ATM and ATR are key players in the signal- ing of induced DNA damage and self-inflicted DNA cuts in vegetative and meiotic cells (Richardson et al., 2004; Bassing and Alt, 2004; Hunter, 2008) . They are recruited by the MRX/MRN complex and possibly also by yet unknown factors to the sites of damage and phosphorylate a host of targets (Kurz and Lees-Miller, 2004) . It was previously reported that ATM and ATR kinases are inhibited by relatively high doses of caffeine (Cortez, 2003) and by wortmannin (Sarkaria et al., 2008) . We, therefore, treated conjugating wild-type cells with these two agents.
In the presence of caffeine, MIC elongation did not proceed beyond the spindle-shaped stage (Figure 4c , Supplemental Table S2 ), i.e., it arrested at a similar stage as the spo11⌬ mutant. Wortmannin showed a similar effect at a final concentration of 2 M (Figure 4c ; Supplemental Table  S2 ). Some MICs were slightly oblong and others considerably enlarged and round, but none became elongated to the extent of untreated MICs (Figure 4c ). We found that also the response to UV-induced lesions in spo11⌬ cells is wortmannin-sensitive (data not shown).
While both kinase inhibitors efficiently prevented meiotic MIC elongation, other aspects of meiosis appeared to continue, since Rad51p was expressed (data not shown). Neither caffeine nor wortmannin had a toxic effect on vegetatively growing cells although locomotion was slowed down with the latter-upon removal of the agents the cells continued normal growth. However, meiosis did not resume normally. At least in part, this could be due to the fact that caffeine and wortmannin caused opening of the aperture between the conjugating cells, leading to the migration of both MACs and MICs between the partners or even the complete fusion of the cells (Figure 4c) .
To test the hypothesis that the effective target of the inhibitors is ATM or ATR rather than PI3Ks proper, we per- In round, early meiotic MICs of untreated wild type, centromeres are grouped together in a small region (a1). As MIC elongation begins, this grouping is lost (a2 and a3), but centromeres reassemble again at one tip of the MIC while elongation proceeds (a4 and a5). (b) In the spo11⌬ mutant, centromere rearrangement arrests at the dispersed stage, but UV treatment restores not only MIC elongation but also wild-type internal organization, as suggested by the clustering of centromeres (c1 and c2). Kinase inhibitors caffeine (d) and wortmannin (e) prevent both centromere clustering and MIC elongation. Also in the presence of the MT inhibitor nocodazole, centromere clustering fails (f). The MT inhibitor benomyl permits centromere clustering in most MICs although MIC elongation does not take place (g). Note that in elongating MICs (of WT and spo11⌬ ϩ UV), where centromeres are not yet completely clustered, there is always at least one Cna1p dot at the very tip. This suggests that the pushing of centromeres away from the telomeric pole of the MIC mediates its stretching. Bar, 10 m. Figure S1 ) was selected so that it localizes to the middle of crescents. Because in the mature crescent (stage IV) all telomeres congress on one end (Mochizuki et al., 2008) and the centromeres on the opposite end (see Figure 2a ), a locus found in the middle of a crescent must be situated in an intercalary position of a chromosome arm. This region has the advantage that its pairing behavior is largely independent of seeming pairing conferred by the clustering of centromeres and telomeres. After benomyl treatment, paring of the intercalary locus is only slightly increased despite centromeres becoming clustered in one spot at the periphery of the nucleus (see Figure 2g ). The concept of aligned signals as used here (f) is not applicable to round nuclei. Also in slightly elongated nuclei (spo11⌬ and WT stage III) pairing is still low. Notably, despite full nuclear elongation in the UV-treated spo11⌬ mutant (see Figure 4) , pairing does not reach the level of WT stage IV (n ϭ number of nuclei inspected).
formed a dose response experiment with wortmannin at concentrations of 2 M, 1 M, 500 nM, and 250 nM. It has been shown that the PI3K-related kinases ATM and particularly ATR are inhibited by wortmannin only at significantly higher concentrations than PI3Ks (Sarkaria et al., 1998; Liu et al., 2005; Knight et al., 2006) . Accordingly, wortmannin at 250 nM impaired nuclear degradation in Tetrahymena , but it inhibited the-presumably-ATR-dependent intra-S-phase DNA damage checkpoint response only at 2 M (Yakisich et al., 2006) . Here, we observed that concentrations below 2 M did not effectively inhibit MIC elongation (Supplemental Table S3 ), which is consistent with the suppression of ATM or ATR activity.
Our results show that two different kinase inhibitors inhibit MIC elongation at concentrations similar to those previously reported to affect ATM and ATR. This suggests that DNA lesions-most likely Spo11p-induced DSBs in untreated wild-type cells-trigger full MIC elongation via a phosphokinase signal transduction pathway involving ATM and/or ATR homologues. As expected of an ATM/ATR inhibitor, caffeine strongly reduced ␥-H2A.X immunostaining. Although in some caffeine-treated meiotic MICs weak staining was observed (Figure 5b ), comparable staining was also present in nonmeiotic MICs (Supplemental Figure S4) , suggesting that this staining is not specific to meiotic DNA damage. Notably, wortmannin treatment did not fully suppress H2A.X phosphorylation (Figure 5c ; Supplemental Figure S4) . Thus, a reduced activity of the potential kinase(s) upon which MIC elongation is no longer permitted may be still sufficient for H2A.X phosphorylation. Another possible explanation is that the signaling cascades from DNA lesions to H2A.X phosphorylation on the one hand and to MIC elongation on the other hand are different.
Knockout of ATR1 Suppresses MIC Elongation
A Tetrahymena orthologue of ATR (TTHERM_01008650) but not of ATM has been identified by a bioinformatics search (Yakisich et al., 2006) , making the former the likely target of chemical inhibition.
To further strengthen the supposition that ATR is involved in the signaling that triggers MIC elongation, we produced macronuclear knockout strains of ORF TTHERM_01008650 (in the following called ATR1). Clones lost vigor under strongly selective growth conditions (paromomycin concentrations above ϳ4 mg/ml) when a high proportion of wild-type ATR1 copies became replaced by the knockout construct carrying the resistance marker. Cells often featured tiny and/or weakly staining MICs (data not shown), which could indicate chromosome loss. This suggests that ATR is important for vegetative growth. Nevertheless, practically complete knockout of the ϳ45 macronuclear ATR1 copies could be attained (Figure 6a) , and atr1⌬ cells conjugated efficiently. Fully elongated MICs were almost completely missing. In one experiment, 86.5% (n ϭ 200) of MICs were arrested at a spindle-shaped stage (Figure 6b ) 3.5 h after induction of meiosis, resembling those found in spo11⌬ cells (Figure 4a ). In addition, some irregularly shaped MICs occurred, which also parallels the situation in spo11⌬, and a mere 0.5% of MICs were fully elongated (stage IV) crescents (Supplemental Table 2 ). These fully elongated MICs may be due to the restoration of a sufficient number of wild-type ATR1 copies in the MACs of individual cells due to random assortment and a strong selection for the presence of ATR during vegetative growth. Conjugation of two different atr1 knockout lines gave similar results. (It should be noted that the meiotic defect in atr1⌬ cells is not caused by the failure to undergo DSBs or other DNA lesions, since MIC elongation was not restored upon treatment with cisplatin or UV.) Altogether, these observations strongly support the involvement of ATR in MIC elongation in response to DSBs.
In contrast to caffeine-and wortmannin-treated MICs, ␥-H2A.X immunostaining was almost completely eliminated in atr1⌬ MICs. Only 0.5% of stage III-like MICs (n ϭ 200) displayed staining, and the rare stage IV escapers (see above) were ␥-H2A.X-positive.
Centromere Clustering and MIC Elongation Are Jointly Regulated
As already mentioned, centromeres are clustered in MICs at the beginning of meiosis, disperse during the MIC elongation phase and converge at one (the telomere-distal) tip in the full crescent (Figure 2a ). In the spo11⌬ mutant, spindleshaped MICs persist with dispersed centromeres (Figure 2b ; Mochizuki et al., 2008) before they take a shortcut into aberrant meiotic divisions.
We wanted to know whether UV radiation restores centromere clustering in the spo11⌬ mutant. Indeed, similar to the wild type, Cna1p spots congressed at the tip of full crescents (Figure 2c ). This means that in addition to MIC elongation, internal reorganization of MICs is induced by UV irradiation. In contrast, in the nonelongating MICs of caffeine-and wortmannin-treated wild-type meioses, centromeres remained dispersed (Figure 2, d and e) .
This suggested that the failure to cluster was due to the failure of MICs to elongate. To test this hypothesis, we prevented MIC elongation in wild type with the microtubule (MT) inhibitors nocodazole and benomyl. MIC elongation depends on intranuclear MTs (Wolfe et al., 1976) , and MT inhibitors can prevent the elongation of MICs (Kaczanowski et al., 1985) . In the presence of inhibitors, the MICs somewhat enlarged but remained spherical (Supplemental Table  S2 ), while the presence of ␥-H2A.X suggested that DSBs were created (Figure 5d ). Indeed, nocodazole completely suppressed the merging of Cna1p dots into a single cluster (Figure 2f) . Surprisingly, under the influence of benomyl, centromeres managed to cluster in the majority of meiotically advanced MICs (Figure 2g ). It is possible that this is due to a lower efficiency of this drug. Nevertheless, the failure of centromeres to cluster in nocodazole-treated MICs as in the other cases of aborted MIC elongation rather suggests that centromere clustering and MIC elongation are not functionally separable, and their sensitivity to caffeine and wortmannin indicates that both processes depend on DNA damage signaling. It is conceivable that the elongation of MTs pushes centromeres and telomeres apart and at the same time stretches the MIC.
MIC Elongation Is Not Sufficient for Homologous Chromosome Pairing
The confinement of chromosomes within the tubular crescent has been proposed to promote the juxtaposition of homologous loci and to support meiotic homologous pairing (Mochizuki et al., 2008) . In addition, full pairing might require the stabilization of homologous links by the interaction of DSB sites with homologous chromosomal loci, as was found in many organisms (Peoples-Holst and Burgess, 2005; Zickler, 2006) . Here we assessed the influence of MIC shapes on homologous associations of a FISH-marked chromosomal locus. We compared pairing in full (stage IV) crescents of the wild type, in UV-irradiated spo11⌬ where MICs formed full crescents yet DSBs were likely missing, in MICs of wild-type stage III and of spo11⌬, which were only partially elongated, and, finally, in wortmannin-treated wild type where MICs increased in volume but did not elongate, although other aspects of meiosis were ongoing. We selected a FISH probe for a region approximately halfway between the centromeric and the telomeric end of the elongated MIC (Figure 3 ; Supplemental Figure S1 ) to reduce the influence of centromere and telomere clustering on the juxtapositioning of homologous regions. If two homologous FISH signals merged into one, the locus was scored as paired, if the signals were separate but occupied similar positions along the crescent, they were scored as aligned, and otherwise as misaligned (Figure 3f ). In the latter case, the lengthwise distance between the signals was measured to quantify the misalignment (Figure 3f) .
Pairing was least frequent (7%) in wortmannin-treated wild-type MICs that remained spherical, whereas 52% of stage IV crescents of the wild type had the intercalary locus paired (Figure 3g ). The somewhat higher pairing frequencies reported previously for wild type (Mochizuki et al., 2008) were likely due to the study of distal chromosomal loci whose juxtapositioning is promoted by the clustering of telomeres. In wild-type stage III and in spo11⌬ slightly elongated MICs, pairing was more frequent (16 and 15%, respectively) than in the wortmannin MICs. A similar pairing frequency (21%) was observed for benomyl-treated MICs (Figure 3g ). This suggests that the clustering of centromeres, which was frequently observed in the presence of this drug (see above), was not sufficient to bring homologous loci together.
Interestingly, pairing in spo11⌬ UV-induced full crescents (20%) was not significantly increased compared with the untreated spo11⌬ mutant. This indicates that also MIC elongation is not sufficient for achieving a wild-type level of homologous chromosome pairing. Limited colocalization of homologous loci in UV-irradiated MICs is also reflected by a mean lengthwise separation distance between unpaired signals (misalignment distance; see Figure 3f ) of 1.5 m (SD ϭ 1.2, n ϭ 196) in the spo11⌬ ϩ UV crescents compared with only 0.7 m (SD ϭ 0.7, n ϭ 221) in the wild type. This suggests that even though homologous chromosomes become arranged in parallel tracks inside the crescent, corresponding loci can still be separated by considerable lengthwise distances, but once recombination is initiated at several sites along a chromosome pair in the wild type, chromosome movement is frozen. Lengthwise mobility of chromosome regions may be a mechanism which allows homologous loci to search for each other (see Discussion). As expected from the failure of UV irradiation to induce pairing in a spo11⌬ mutant, bivalent formation was not restored by either 20 or 80 J/m 2 UV. Irradiated cells only had univalents 4.5 h after meiotic induction that resembled those of untreated spo11⌬ (Supplemental Figure S5) . Bivalent formation has been found in spo11 mutants of Caenorhabditis elegans and Arabidopsis after exposure to ␥-radiation and cisplatin, respectively (Dernburg et al., 1998; Penkner et al., 2007; Sanchez-Moran et al., 2007) . However, we failed to observe bivalents under our conditions of ␥-irradiation (Supplemental Figure S5) , and cisplatin-treated meioses failed to exit from the crescent altogether (data not shown). It is conceivable that exit from this stage only occurs when meiotic DNA lesions are cured, but is impeded because of ongoing assault by the drug.
DISCUSSION
Induction of MIC Elongation in the spo11⌬ Mutant by DNA-damaging Agents
In meiosis deprived of Spo11p, MICs do not fully elongate, but crescent formation can be restored by cisplatin-treatment (Mochizuki et al., 2008) . Spo11p is a DNA endonuclease that induces programmed DSBs that are essential for crossing over and bivalent formation (see Keeney, 2007) . Also cisplatin induces DSBs, which have been shown to stimulate meiotic recombination (Hanneman et al., 1997; Sanchez-Moran et al., 2007) . It was therefore concluded that in wild-type meiosis Spo11p-dependent DSBs serve as a signal for MIC elongation. In the absence of Spo11p and MIC elongation, the subsequent steps of meiosis follow with little if any delay. Therefore, DSBs are not a signal for meiosis progression. They may, however, induce the formation of the crescent to bring about homologous pairing, thus allowing recombinational repair of DSBs via the homologue.
Here we elicited MIC elongation in the spo11⌬ mutant by a variety of genotoxic agents, namely MMS, ionizing radiation and short-wave UV. We concentrated on the study of the effects of UV, since acute irradiation unlike chronic chemical treatment, which also affects cells at nonmeiotic repair-incompetent stages, is less likely to cause side effects. Moreover, UV causes DNA lesions that are different from those resulting from ionizing radiation and cisplatin.
The primary defect caused by UV-C radiation is base dimerization, which is repaired by base excision repair. It has been calculated that DSBs as a direct consequence of UV-C would be extremely unlikely as they would only occur at overlapping excision repair sites (Marti et al., 2006) . These authors also found that UV and ionizing radiation-induced lesions in human fibroblasts did not lead to H2AX phosphorylation by the same kinases and hence concluded that the former were not DSBs. Like UV, MMS does not directly cause DSBs in vivo (Lundin et al., 2005 ). Yet we were able to induce MIC elongation in spo11⌬ by both treatments, which raises the possibility that it may be triggered also by DNA lesions other than DSBs. Whereas previous studies had suggested that ␥-H2A.X is not induced by DNA lesions other than DSBs (for review see Ismail and Hendzel, 2008) , there is now accumulating converse evidence (Smart et al., 2008) . In particular, it was noted that ␥-H2AX induced by UV in G 1 is not due to DSBs (Marti et al., 2006; Hanasoge and Ljungman, 2007; Ismail and Hendzel, 2008) . Therefore, the induction of ␥-H2A.X foci by UV in Tetrahymena is not a sure sign of the occurrence of DSBs.
A possible alternative to MIC elongation being caused by non-DSB DNA damage is that UV-induced DNA lesions are converted to DSBs during meiosis. Following base damage by UV there is a base excision over ϳ30 nucleotides. Transient single-strand DNA (ssDNA) tracts could then be attacked by single-strand endonucleases (such as the MRX/ MRN complex; see Kanaar and Wyman, 2008) , which are part of the meiotic recombination machinery, and be converted to DSBs.
MIC Elongation Is Elicited by a Caffeine-and
Wortmannin-sensitive Signal Response to DNA Damage Whatever kind of DNA damage causes MIC elongation, it is sensed by a signaling pathway that is sensitive to caffeine and wortmannin as these substances phenocopy the MIC elongation defect seen in spo11⌬ meiosis. In vivo studies in human cell lines suggest that caffeine can block cell cycle checkpoint responses without inhibiting ATM or ATR activation (Cortez, 2003) . On the other hand, Yakisich et al. (2006) found evidence for a caffeine-sensitive intra-S-phase checkpoint activated by an ATR-like protein kinase (TTHERM_01008650) in Tetrahymena. Notably, Tif1p, a likely factor in the presumed checkpoint pathway, may also have a role in the response to meiotic DSBs since the TIF1-deficient partner in mating pairs of wild-type and tif1 mutant cells displayed reduced crescent formation (Morrison et al., 2005) . It has been reported that wortmannin at low doses inhibits PI3K-dependent MT-mediated processes in a Tetrahymena strain with attenuated ␤-tubulin (Smith et al., 2004) . Hence, it is possible that caffeine and wortmannin prevent MIC elongation via a PI3K signaling pathway acting on MTs. However, our observation of the sensitivity of MIC elongation to wortmannin only at high doses (at which it is known to inhibit PI3k-like kinases) rather suggests that MIC elongation is triggered by sensing meiotic DNA lesions via a pathway involving the ATR orthologue.
The possible involvement of ATR is most convincingly shown by the deletion of ORF TTHERM_01008650 (here called ATR1) encoding Tetrahymena's ATR orthologue. In conjugating atr1 knockout strains, stage IV MICs were absent which strongly supports a role of ATR in meiotic MIC elongation. However, atr1 knockout strains also showed growth defects and signs of micronuclear chromosome loss. Therefore, it cannot be excluded that the failure of MICs to fully elongate is due to the generally weakened constitution and micronuclear anomalies displayed by these strains.
The failure of atr1⌬ nuclei to undergo both full MIC elongation and H2A.X phosphorylation whereas wortmannin treatment suppressed only the former suggests a different ATR dosage requirement by the two processes. Alternatively it is possible that wortmannin inhibits (primarily) a kinase downstream of ATR, which is involved in MIC elongation but not in H2A.X phosphorylation. In any case, ␥-H2A.X immunostaining in MICs whose elongation was inhibited by wortmannin indicates that H2A.X phosphorylation is not a signal for MIC elongation. This is consistent with the observation by Song et al. (2007) that MIC elongation occurs normally in a mutant with nonphosphorylatable H2A.X. Together, these results suggest that the pathways leading to MIC elongation and to H2A.X phosphorylation overlap but are not identical.
The Tetrahymena Crescent Shows Structural Features of the Bouquet But Is Regulated Differently
The bouquet has been implicated in various aspects of homologous pairing (for review see Zickler, 2006) . While it is not absolutely required for either homologous pairing or synapsis, it makes both processes faster and more efficient (Harper et al., 2004) . As alternative bouquet functions unre-lated to pairing, the resolution of chromosomal interlockings and the destabilization of ectopic interactions have been invoked (Zickler, 2006) . Recently, it was found that in fission yeast the bouquet helps form the meiotic spindle, and is therefore critical to chromosomal division (Tomita and Cooper, 2007) .
Meiosis in mice lacking Spo11 or ATM is arrested in the bouquet stage (Liebe et al., 2006) , which is also reflected by enduring telomere clustering during spermatogenesis in an ATM knockout (Pandita et al., 1999) . Similarly, telomere clustering persists in spo11 mutants of Sordaria and budding yeast (Trelles-Sticken et al., 1999; Storlazzi et al., 2003) . This suggests that in mice, and possibly in other organisms as well, ATM regulates the exit from the bouquet in response to the processing of recombination intermediates (Storlazzi et al., 2003; Scherthan, 2006) .
In Tetrahymena, in contrast, the establishment of the crescent with its bouquet-like chromosome arrangement seems to depend on DNA lesions (most likely DSBs in the wildtype situation) and their signaling to the cell cycle. This raises the possibility that the bouquet and the crescent are different devices. We have not yet been able to identify any Tetrahymena homologues of genes that are known for their conserved role in bouquet formation. Future studies of MIC reorganization will reveal whether the bouquet and the crescent are homologous structures or analogous designs.
There is strong evidence that the meiotic MIC stretches and moves by the elongation of intranuclear MTs (Wolfe et al., 1976; Kaczanowski et al., 1985) . Our observation that the tip of an elongating MIC is always occupied by at least one Cna1 spot (see Figure 2) suggests that centromeres are not transported to the tip of the elongated crescent in an independent subsequent move, but that they migrate at the front of the elongating MIC. This suggests a model where both the tip of the MIC and centromeres are pushed by MTs emanating from the pole where the telomeres are anchored.
While in all cases of meiotic pairing, a movement of chromosomes is generated inside the nucleus that brings about transient random contacts during which homology can be tested (see Loidl, 1990) , it may be achieved by different mechanisms. In the classical bouquet (and probably also in C. elegans transition zone nuclei), movement is created by extranuclear actin that is transmitted by transmembrane proteins (Koszul et al., 2008) . In the Schizosaccharomyces pombe horsetail, it is probably the oscillation of the nucleus between the cell poles that confers the stirring of the nuclear contents (Yamamoto and Hiraoka, 2001) . In Tetrahymena, it may be MIC elongation by intranuclear MTs that causes allelic loci to collide and establish homologous contacts.
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